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Abstract 
 
Stratigraphy and Depositional Environments of the Late Jurassic 
Hanifa Formation along the Tuwaiq Escarpment, Saudi Arabia 
 
Mohammed Ibrahim Fallatah, M.S.Geo.Sci. 
The University of Texas at Austin, 2017 
 
Supervisor:  Charles Kerans 
 
A sequence stratigraphic framework of the Late Jurassic (Oxfordian) Hanifa 
Formation at its exposure in Central Arabia is presented for the first time. This study offers 
the first high-resolution stratigraphic framework of the Hanifa along the Tuwaiq 
Escarpment by measuring 15 sections (~770 m total thickness) over an oblique-to-dip 
distance of 260 km and collecting 295 samples for petrographic analysis. On the basis of 
these data, the Hanifa Formation can be subdivided into eight facies; 1) tabular cross-
bedded quartz-peloidal-skeletal grainstone, 2) cross-bedded skeletal-peloidal grainstone, 
3) bioturbated foraminiferal wackestone/mud-dominated packstone, 4) oncolitic rudstone, 
5) stromatoporoid-coral biostrome/bioherm, 6) peloidal/composite-grain grain-dominated 
packstone/grainstone, 7) bioturbated spiculitic wackestone/mud-dominated packstone, and 
8) thinly-bedded argillaceous mudstone/wackestone. The vertical and lateral distributions 
of these facies along the exposure define their sequence setting using the principals of 
sequence stratigraphy. By recognizing erosional surfaces, facies offset, and changes in 
facies proportions, five composite sequences, with an average duration of 1.1 my, are 
interpreted for the Hanifa Formation. The correlation of the sequences across the study area 
shows that only four sequences are preserved in the north where shallow-water deposits 
 vi 
are well-developed. Facies trends within these sequences are further illustrated in a 
depositional model, which depicts the presence of an offshore structurally controlled 
skeletal-peloidal shoal body described here for the first time at the Hanifa exposure in the 
Hozwa area. A ramp depositional model is proposed having normal open-marine 
conditions and characterized by a high-energy inner-ramp shoreline, which is documented 
herein for the first time. This work provides a predictive framework and outcrop analog for 
applications in hydrocarbon exploration and development. Furthermore, a basinal setting 
predicted to the south of the study area is a potential site for unconventional plays. 
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INTRODUCTION 
The Hanifa Formation is an important Jurassic unit in Saudi Arabia that has 
economic conventional hydrocarbon accumulations in many oilfields, as well as 
unconventional potential as a source rock in basinal areas of the Arabian Platform 
(Alsharhan and Magara, 1994). Due to the economic importance and potential of the Hanifa 
Formation, a detailed understanding of the sedimentology and stratigraphy of this unit is 
needed. Examining the surface geology of the Hanifa Formation is the first step towards 
establishing that understanding in order to help constructing reservoir models that 
adequately describe the Hanifa Reservoir architecture and flow units and to explore for 
new targets in the subsurface. Outcrop-based work set the objectives for recognizing the 
Hanifa depositional facies and their environments at a regional scale that can provide 
analogs for subsurface studies. The rationale behind this investigation is that the outcrop 
belt of the Hanifa Formation is relatively close (~150 km) to large commercial hydrocarbon 
fields in Saudi Arabia, which allows correlation between surface geology with that of the 
subsurface. 
The exposures of sedimentary strata, including the Hanifa Formation, along the 
Tuwaiq Mountains have received considerable attention since these strata were first 
described by Bramkamp and Steineke (1952), Powers et al. (1966), and Powers (1968). 
Much of this work was done during the regional mapping of the Tuwaiq Mountains by 
Vaslet et al. (1983, 1991) and Manivit et al. (1985). These studies were conducted to 
provide lithostratigraphic, biostratigraphic, and structural descriptions for the exposure 
belt. Other sedimentological investigations on the Hanifa Formation exposure include the 
work of Okla (1983, 1986) and Moshrif (1984). Also, detailed paleontological studies on 
the Hanifa were presented in El-Asa’ad (1991), Hughes (2004, 2009), Hughes et al. (2008), 
and El-Sorogy and Al-Sahtany (2015). The common denominator between these studies is 
their generic descriptions of the Hanifa exposure, and to date, there has been no detailed 
documentation of the sedimentology of the Hanifa facies. Although Okla (1983, 1986) 
documented the sedimentology of the Hanifa, the resolution of their descriptions was low 
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to be used for constructing a stratigraphic framework. In contrast, Hughes et al. (2008) and 
Hughes (2009) acquired high-resolution paleontological data through petrographic analysis 
of outcrop samples, however, these were not integrated with sedimentological analysis on 
the Hanifa exposures in a stratigraphic context.  
Previous studies on the Hanifa exposures also sought to provide 
paleoenvironmental interpretations and propose depositional models for the formation. 
Nevertheless, because the Hanifa facies descriptions were much generalized, the presented 
interpretations are oversimplified. In his work on the Hanifa outcrops, Okla (1983) 
described the depositional setting of the Hanifa facies as ranging from deep low-energy 
conditions to shallower water, higher energy oxygenated conditions. Contrarily, Hughes et 
al. (2008) proposed a depositional model covering the Hanifa Formation over the entire 
Arabian Platform, where a lagoonal setting was generally prevalent where the exposure 
belt is. A similar depositional setting was also proposed by Moshrif (1984). However, 
Hughes et al. (2008) based their depositional model on paleontological data without 
incorporating detailed sedimentology of the Hanifa facies. This lack of integrated data led 
Hughes et al. (2008) to have a limited view of the Hanifa depositional environments. 
This present study, based on facies associations from sedimentological and 
petrographic descriptions observed from outcrop data, presents a detailed interpretation of 
the Hanifa outcrop area. These data are used to construct a high-resolution sequence 
stratigraphic framework and a robust depositional model for the Hanifa Formation. The 
results present a refined understanding of the Hanifa sedimentology and provide a 
stratigraphic framework that was not done by earlier workers. In addition, this study 
provides an outcrop analog for comparison and correlation with subsurface data.  
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GEOLOGICAL SETTING AND STRATIGRAPHY 
The Hanifa Formation is exposed in Central Arabia along the Tuwaiq Mountains 
Escarpment (Fig. 1). The exposure belt trends north-south for ~700 km, bordering the 
eastern margin of the Precambrian Arabian Shield (Okla, 1983). The Tuwaiq Escarpment 
hosts Phanerozoic sedimentary rocks that form west-facing cliffs, in which the strata have 
a 1o northeast dip (Vaslet et al., 1983, 1991; Manivit et al., 1985). These rocks were 
deposited in a relatively stable passive margin that extended from the eastern edge of the 
Arabian Shield in the west to as far east as the Zagros Mountains in Iran (Alsharhan and 
Magara, 1994; Ziegler, 2001; Lindsay et al., 2006).  
During the Late Jurassic, most of the Arabian Shelf was located south of the equator 
(Figs. 1A and 1B). A shallow sea covered the shelf as an extension of the western Tethys 
Ocean (Manivit et al., 1985; Hughes et al., 2008), where the area was characterized by a 
humid climate (Markello et al., 2007). During the time of Hanifa deposition, a shallow-
marine setting was prevalent, resulting in the deposition of carbonate sediments across the 
Arabian Shelf. 
Stratigraphically, the Hanifa Formation is underlain by the Tuwaiq Mountain 
Limestone and overlain by the Jubaila Formation (Fig. 2). The contact with the Tuwaiq 
Mountain Limestone is a paraconformity surface whereas the upper contact with the 
Jubaila Formation is a disconformity surface (Hughes et al., 2008). The top of the coral-
stromatoporoid reefs of the Tuwaiq Mountain Limestone defines the basal contact of the 
Hanifa (Hughes, 2009), whereas the upper contact is defined by a facies offset that 
separates grainstones of the upper Hanifa from wackestones of the Jubaila (Manivit et al., 
1985). The Hanifa Formation is about 90 – 140 m thick along the exposure, which spanned 
a maximum depositional period of 5.5 million years (Hughes et al., 2008). The Hanifa 
Formation was divided by Vaslet et al. (1983) into two members, the lower Hawtah 
Member is dominated by muddy argillaceous limestone with multiple grainstone and coral-
bearing layers. The overlying member, Ulayyah, is dominated by grainstone beds and 
stromatoporoid and coral-bearing biostromes and bioherms (Manivit et al., 1985; Vaslet et 
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al., 1991, 1983). In the subsurface, the Hanifa Reservoir is equivalent to the upper part of 
the Ulayyah Member (Hughes, 2004). 
 
 
Fig. 1. Paleogeographic maps for the Arabian Plate during the Late Jurassic, 152 Ma 
(modified after Scotese, 2002). (A) The Arabian Plate was at an equatorial 
position in the Late Jurassic facing the western Tethys Ocean. The prevailing 
winds affecting the shallow-water Arabian Platform were northeastern 
(Markello et al., 2007). (B) A close-up view of the Arabian Plate during Late 
Jurassic showing a shallow-marine platform with three intrashelf basins 
(Ziegler, 2001). The Jurassic sedimentary units are exposed along the Tuwaiq 
Mountains Belt (Jabal Tuwaiq) that borders the Arabian Shield (Fischer et al., 
2001). (C) A schematic cross-section of the Arabian Platform showing the 
location of the study area (red box) relative to the broad platform. 
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The Hanifa Formation is assigned to Oxfordian – Early Kimmeridgian (Fig. 2). 
Ammonite fauna Euaspidoceras perarmatum encountered in the upper part of the Hawtah 
Member indicates a Middle Oxfordian age (Vaslet et al., 1983; Manivit et al., 1985). This 
age assignment is also supported by brachiopods species Somalirhynchia africana, 
Somalithyris bihendulensis, and Rhynchonella hadramautensis, which suggest Early to 
Middle Oxfordian age (Vaslet et al., 1991). The Ulayyah Member is assigned to the Late 
Oxfordian – Early Kimmeridgian according to the recognized echinoid species Pygurus 
smelthei and Polycyphus parvituberculatus (Manivit et al., 1985). 
 
 
Fig. 2. The Late Jurassic stratigraphic column of Saudi Arabia. The Hanifa Formation has 
a mixed lithology of argillaceous limestone and pure carbonate (modified 
after Hughes, 2004). 
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DATA AND METHODS 
The dataset for this study includes 15 measured sections of the Hanifa Formation 
along the Tuwaiq Escarpment, in addition to three measured sections provided by Abdullah 
Al-Mojel (Table 1; Fig. 3; Appendix). Seven of the measured sections describe the 
complete Hanifa sequence and 11 sections cover only parts of the unit because of exposure 
limitation. Sections, where permitted, were started from the distinctive top of the 
underlying Tuwaiq Mountain Limestone. Otherwise, the measured sections continued into 
the lower part of the Jubalia Formation since the upper contact of the Hanifa is not well 
constrained everywhere. At each section, facies were described based on color, 
sedimentary structures, ichnofacies, grain types, bedding styles, and rock textures. For 
textural description, Dunham's (1962) classification was primarily used and the modified 
version of this classification by Embry & Klovan (1971) was utilized where it was 
appropriate. The terminology described in Campbell (1967) was used to describe bedding 
style, while the degree of bioturbation was described based on Taylor and Goldring's 
(1993) classification. The dataset also includes 295 samples that were collected from the 
field and cut into thin sections impregnated with blue-dyed epoxy for petrographic analysis 
to recognize grain types and microfacies. Primarily, the biostratigraphic studies on the 
Jurassic of Hughes (2004) and Hughes et al. (2008) were referred to extensively for 
recognizing foraminiferal types and other fauna of the Jurassic formations. 
A regional cross-section of the Hanifa Formation along the Tuwaiq Mountains 
Escarpment over a distance of 260 km was constructed after integrating 11 measured 
sections (Fig. 3). The top of the Hanifa Formation was selected as a datum for the cross-
section. Also, two additional cross-sections incorporating seven and three measured 
sections were generated for transects of less than eight kilometers and 1.5 kilometers, 
respectively, in order to define a rapid lateral facies change and the contact character 
between the Hanifa and Jubaila Formations. Correlations between the sections are based 
on the interpreted composite sequences defined using sequence stratigraphic concepts 
described in Kerans and Tinker (1997). Primarily, facies proportion and sharp  
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Table 1: List of the Hanifa Formation measured sections along the Tuwaiq Escarpment in 
Central Arabia. 
 
facies offset in each vertical profile helped in identifying the composite sequences. 
Conversely, most of the individual high-frequency cycles display asymmetrical, 
shallowing-upward stacking patterns. This was recognized based on one or more of the 
following trends: (1) an upward decrease in bioturbation intensity (Knaust, 1998), (2) 
changes in faunal assemblage, (3) an upward increase in sorting and grain size, and/or (4) 
an upward development of bedforms.  
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Fig. 3. Google Earth images for the localities studied. (A) The study area is located in 
Central Arabia along the Tuwaiq Mountains Escarpment in Saudi Arabia. (B) 
The relative locations of the 11 measured sections of the Hanifa Formation 
are highlighted, which were used to create a N-S regional cross-section [Fig. 
13]. The red box marks the area for the second cross-section created. (C) 
Seven measured sections were used to create a cross-section [black line] over 
a relatively short distance to demonstrate rapid lateral facies changes 
illustrated in Fig. 14. Another cross-section [red line] incorporating three 
measured sections was created to illustrate the character of the contact 
between the Hanifa and Jubaila Formations [Fig. 18]. 
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SEDIMENTOLOGY OF THE HANIFA FORMATION 
Eight facies have been determined from the described sections that characterize the 
entire depositional settings of the Hanifa Formation in the study area and one facies from 
the Jubaila Formation is also identified (Table 2). The facies are composed of a diverse 
spectrum of sedimentary structures, ichnofabrics, and faunal assemblages (Fig. 4). This 
spectrum of features reflects different depositional environments. Each facies is described 
below and an interpretation of the depositional environment is presented. 
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Table 2: Summary of the Hanifa Formation depositional facies arranged from proximal to distal settings. 
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Fig. 4. Jabal Al-Abakkayn measured section showing the vertical distribution of the Hanifa 
and Jubaila facies starting from the contact with the underlying Tuwaiq 
Mountain Limestone. 
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TABULAR CROSS-BEDDED QUARTZ-PELOIDAL-SKELETAL GRAINSTONE 
The quartz-skeletal-peloidal grainstone facies is characterized by well-defined 5 – 
50 cm thick brown beds. These beds are characterized by 4o – 17o ENE-dipping foresets of 
cross-beds (Fig. 5A). Another distinctive feature is the presence of chert nodules at discrete 
intervals, which are commonly observed forming at bedding contacts. Compositionally, 
the grainstones are moderately to well-sorted, fine to medium grains of echinoderms, 
brachiopods, peloids, and foraminifera. Occasionally angular to subangular quartz grains 
exist and make up 10 – 20% of the constituent grains (Figs. 5C, 5D, and 5E). Also, pebble-
size coral fragments are found locally. 
An upper shoreface environment is interpreted for the tabular cross-bedded quartz-
skeletal-peloidal grainstone facies. This is inferred from the well-sorted fabric, which 
indicates continuous reworking by high-energy waves (Nichols, 2009). The facies lacks 
the micritic matrix observed in the underlying bioturbated foraminiferal facies, which 
supports a higher energy setting. In addition, development of cross-bedding above fair-
weather wave base is one of the key features for the upper shoreface environment (Clifton, 
2006). 
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Fig. 5. Tabular cross-bedded quartz-peloidal-skeletal grainstone facies. (A) The general 
expression of the sandy peloidal-skeletal grainstone facies at the Raghbah 
section showing planar to low-angle stratification with chert nodules [yellow 
polygons] at the base [staff = 120 cm]. (B) At Jabal Al-Abakkayn section, the 
facies thins down to ~1 m and it has low-angle laminations [staff intervals = 
20 cm]. (C) Photomicrograph under plane-polarized light from Raghbah 
showing a cemented grainstone dominated by peloids [Pe] and echinoderm 
fragments [Ec]. (D) Photomicrograph under plane-polarized light also from 
Raghbah displaying echinoderm fragments [Ec], peloids [Pe], and quartz 
grains [Qz] in a grainstone texture. (E) A similar grain association is also 
observed in the photomicrograph under plane-polarized light from Jabal Al-
Abakkayn. 
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CROSS-BEDDED SKELETAL-PELOIDAL GRAINSTONE 
The most prominent features of the skeletal-peloidal grainstone facies are the large 
cross-bed sets (Figs. 6A and 6B). Individual beds are medium to thickly bedded (10 – 100 
cm), whereas a bed set can be as thick as 5 m. Low angles of 5o – 12o characterize the 
foresets of the cross-beds that dip to the northeast whereas bedding surfaces can dip as 
much as 5o to the southwest. Compositionally, well-sorted and very fine to medium-size 
peloids are the main constituents (Figs. 6C, 6D, and 6E). Other grains associated with the 
peloidal grainstone facies include echinoderms, foraminifera, and brachiopods. Moreover, 
ooids and the dasycladacean green algae Clypeina sulcata are sparsely present. 
The well-developed cross-bedding indicates an upper shoreface depositional setting 
above fair-weather wave base (FWWB) (Clifton, 2006). This interpretation is supported 
by the grainy and relatively well-sorted fabric. Also, this facies is found overlying the 
bioturbated foraminiferal facies. 
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Fig. 6 
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Fig. 6. Cross-bedded skeletal-peloidal grainstone facies. (A) This facies was only 
encountered near Hozwa Town where large bedforms of cross-bedding are 
well-exposed [circles = peloids; shell symbols = skeletal grains]. (B) The 
cross-bedded peloidal grainstones are ~ 12m thick where the top is an 
erosional surface [red line] and is overlain by coral buildups [circles = peloids; 
shell symbols = skeletal grains]. (C) Photomicrograph under plane-polarized 
light showing a grainstone dominated by echinoderms [Ec], foraminifera 
species Nautiloculina oolithica [No], and peloids [Pe]. Other sparse grains 
include ooids [Oo] and dasycladacean algae Clypiena sulcata [Cs]. 
Intergranular porosity is developed after cement dissolution. (D) 
Photomicrograph under plane-polarized light showing a cemented well-sorted 
fabric of peloids [Pe], foraminifera species Redmondoides lugeoni [Rl], and 
miliolids [Mi]. (E) Photomicrograph under plane-polarized light displaying 
moderately- to well-sorted fabric of echinoderms [Ec], peloids [Pe], Clypiena 
sulcata [Cs], and foraminifera species Redmondoides lugeoni [Rl]. 
 
BIOTURBATED FORAMINIFERAL WACKESTONE/MUD-DOMINATED PACKSTONE (MDP) 
Foraminiferal species of Kurnubia palastiniensis, Nautiloculina oolithica, and 
Alveosepta jaccardi are the dominant constituent grains for the foraminiferal 
wackestone/mud-dominated packstone facies, whereas Redmondoides lugeoni and 
Lenticulina sublenticularis species are rarely present (Fig. 7D). The foraminiferans are 
very fine to coarse grained and are supported by carbonate mud. They generally have 
micritized tests by which they can be recognized from their preserved microstructures. 
Other grains associated with the foraminifera include brachiopods, echinoid spines and 
plates, and rarely quartz grains. In the outcrop, the foraminiferal facies is characterized by 
yellowish-brown color and extensive bioturbation (Fig. 7). Based on Taylor and Goldring's 
(1993) bioturbation index (BI) scheme, a BI of 5 – 6 is recognized based on the obliteration 
of bedding by Planolites and Thalassinoides burrows. 
The foraminiferal assemblage (Hughes, 2004) and other fauna present represent an 
open-marine depositional setting below FWWB. This interpretation is also supported by 
the intensive bioturbation, as Knaust et al. (2012) suggested that moderate to high 
bioturbation by Cruziana ichnofacies, which Planolites and Thalassinoides belong to, 
indicates a shallow-marine depositional environment between FWWB and storm wave 
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base (SWB). Knaust (1998) also demonstrated that the higher degree of bioturbation in the 
Lower Muschelkalk of Germany is indicative of outer ramp setting. In a shallowing-
upward succession, the skeletal and peloidal grainstone facies overlies this facies. As a 
result, proximal lower shoreface environment is interpreted for the foraminiferal facies. 
 
 
Fig. 7. Bioturbated foraminiferal wackestone/mud-dominated packstone facies. (A) The 
foraminiferal facies is characterized by homogenized appearance related to 
extensive bioturbation [notebook = 21 cm]. (B) Close-up view showing total 
destruction of bedding planes [lens cap = 4 cm]. (C) Highlighted 
Thalassinoides burrows [Th] within the foraminiferal wackestone/mud-
dominated packstone. (D) Photomicrograph under plane-polarized light 
showing a wackestone with the foraminifera species Kurnubia palastiniensis 
[Kp], Redmondoides lugeoni [Rl], and Lenticulina sublenticularis [Ls]. 
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ONCOLITIC RUDSTONE 
Oncoids, as large as 1 cm, are observed in massive, medium to thick beds (45 – 95 
cm) of rudstone texture. Their grain size range is 1.3 – 6.6 mm and they are characterized 
by bioclastic nuclei consisting of mollusks, brachiopods, foraminifera, or corals (Figs. 8C, 
8D, and 8E). The shape of the oncoids generally follows their nuclei, but they also grow 
into lobate shapes. The cortices are defined by micritic and organism-encrusted laminae, 
which are made by Bacinella irregularis and Lithocodium aggregatum microencrustors. 
Type 3 oncoids (Védrine et al., 2007) are the dominant type where cortices are defined by 
alternating micritic laminae and organism-bearing laminae (Fig. 8D). Other types of 
oncoids occur sporadically, which includes types 1 (oncoids of micritic cortices with 
poorly-defined lamination) and type 2 (oncoids of irregular and truncated micritic laminae) 
(Védrine et al., 2007). Besides the oncoids, other constituent grains present in this facies 
consist of foraminifera (Kurnubia palastiniensis, Nautiloculina oolithica, and Alveosepta 
jaccardi), brachiopod fragments, peloids, intraclasts, and echinoderms. These grains are 
observed in association with micrite forming mud-dominate/grain-dominate packstone 
(Fig. 8D). Pebble-size fragments of corals and stromatoporoids can be observed within the 
oncolitic matrix. Moreover, sparse, isolated coral heads in growth position are also 
recognized within the oncolite beds (Fig. 8B). 
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Fig. 8. Oncolitic rudstone facies. (A) Oncolitic facies has massive beds with floating 
fragments of corals [Co] and stromatoporoids [St] [lens cap = 4 cm]. (B) Some 
isolated coral heads [CH] are observed in growth position within the oncolitic 
matrix [hammer = 30 cm]. (C) Photomicrograph under plane-polarized light 
showing a poorly-sorted fabric of oncoids [On] and fragments of echinoderms 
[Ec] and brachiopods [Br]. (D) Photomicrograph under plane-polarized light 
showing the Bacinella – Lithocodium meshwork on the oncoids [On] cortices. 
This facies also contains foraminifera species Kurnubia palastiniesis [Kp] 
and Alveosepta jaccardi [Aj]. (E) Nuclei of the oncoids [On] are either 
composed of corals, brachiopods, mollusks, or foraminifera 
[photomicrograph under plane-polarized light]. 
 
Type 3 Bacinella – Lithocodium oncoids are indicative of low-energy settings with 
low accumulation rates (Védrine et al., 2007). The faunal assemblage and corals growth in 
association with this facies suggest normal open-marine conditions, and thus, the 
depositional environment is interpreted to be below FWWB. This is also supported by the 
presence of micrite and lobate growth of the oncoids (Flügel, 2010). Because the oncolitic 
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rudstones are commonly observed below the foraminiferal facies in a shallowing-upward 
succession, their depositional environment is assigned to the proximal lower shoreface. 
STROMATOPOROID-CORAL BIOSTROME/BIOHERM 
Stromatoporoids and corals of the Hanifa Formation form two styles of 
stratigraphic reefs, either biostromes or bioherms (James and Jones, 2015). The biostromes 
are well-bedded with medium to very thick beds of 15 – 150 cm, whereas the bioherms are 
massive and poorly bedded with a thickness range of 1.5 – 11 m (Fig. 9). Another 
characteristic of the biostromes is that they are commonly interbedded with the spiculitic 
facies, described below, and are laterally continuous. Furthermore, both biostromes and 
bioherms are predominantly characterized by in-situ isolated coral and stromatoporoid 
heads with a micritic matrix and may have microbial and stromatoporoid encrustation 
(Figs. 9F and 9G). Based on the extensive description of the Hanifa corals by El-Asa’ad 
(1991), and El-Sorogy and Al-Sahtany (2015), the corals have hemispherical or globular 
forms. Some of the identified species include Latiastrea greppini, Synastrea delemontana, 
Coenastraea abakkaynata, Microphyllia sommeringi, and Koilomorpha hanifaensis (Figs. 
9C and 9D). 
The depositional environment of the stromatoporoid-coral biostromes is assigned 
to the distal lower shoreface as they are generally overlain by the oncolitic facies in a 
shallowing-upward succession. Such a low-energy environment is interpreted based on the 
muddy spiculitic matrix and low frequency of storm deposits. This interpretation is in 
general agreement with that of Olivier et al. (2011) and Kästner et al. (2008) where they 
interpreted the depositional setting of the French Jura corals and the Korallenoolith coral 
biostromes, respectively, below FWWB. Conversely, the stromatoporoid-coral bioherms 
are interpreted to have been deposited in the proximal lower shoreface environment above 
FWWB. The presence of hemispherical and globular corals without solitary nor branching 
forms suggests a high-energy environment (El-Asa’ad, 1991). 
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Fig. 9. Stromatoporoid-coral biostrome/bioherm facies. (A) The general expression of the 
biohermal stromatoporoids and corals buildups is characterized by scattered 
coral rubbles related to the micritic matrix differential weathering. (B) The 
stromatoporoids-corals biostromes are well-indurated and show coral heads 
in their growth positions [hammer = 30 cm]. (C) Two in-situ coral species: 
Coenastraea abakkaynata [Ca] and Latiastrea greppini [Lg] [pencil = 15 cm]. 
(D) A Coenastraea abakkaynata (Ca) coral in growth position [lens cap = 4 
cm]. (E) Photomicrograph under plane-polarized light showing coral septa 
where cavities are filled with micrite. (F) Photomicrograph under plane-
polarized light of an encrusting stromatoporoids [St] within a micritic matrix, 
which includes the foraminifera species Kurnubia palastiniensis [Kp], 
brachiopods [Br], and echinoderms [Ec]. (G) Sponge spicules [Ss] are 
abundant within the micritic matrix, whereas microbial encrustation [ME] is 
common for this facies [photomicrograph under plane-polarized light]. 
 
PELOIDAL/COMPOSITE-GRAIN GRAIN-DOMINATED PACKSTONE (GDP)/GRAINSTONE 
Peloids and composite-grains within the grain-dominated packstone to grainstone 
are the primary grain types for this facies in the Hanifa and Jubaila Formations. The 
peloidal GDP/grainstone facies in the Hanifa Formation is dominated by very well-sorted, 
very-fine grains of peloids, micritized Redmondoides lugeoni foraminifera, and sparse 
echinoderm fragments (Fig. 10). Rip-up clasts and coral fragments of granule to pebble-
size are common and generally observed accumulated at the base of some of the beds. 
These beds can be characterized as thin to thick beds (5 – 90 cm) with normal grading, and 
display planar and low-angle lamination (4o – 10o), or hummocky cross-stratification (Fig. 
10A). Also, a low degree of bioturbation (BI = 2; Taylor and Goldring, 1993) is common 
where bedding surfaces and laminations are preserved (Fig. 10D). 
These features are well-illustrated in the equivalent beds of the Jubaila Formation 
where there is a strong differentiation between two styles of sedimentation (Fig. 10B vs. 
10C). Beds of the first style are observed interbedded with the bioturbated echinoderm-
brachiopod wackestone/mud-dominated packstone facies that is described below. They are 
characterized by thin to thick beds of 5 – 35 cm and primarily composed of moderately- to 
well-sorted, medium to very coarse grains of composite grains. Other constituents include 
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micritized Kurnubia palastiniensis and Alveosepta jaccardi foraminifera, and fragments of 
brachiopods and echinoids. The beds are also distinctively characterized by erosional basal 
surfaces where granule to pebble size mud-clasts from the underlying units are 
incorporated at the base of the beds. Conversely, the upper surface is sharp and might be a 
hardground, or mega-rippled surface (Fig. 10B). The mega-ripples are characterized by 60 
– 100 cm wavelengths and 5 – 15 cm wave heights. Moreover, bed tops are commonly 
bioturbated by the horizontal burrows Planolites and Rhizocorallium (Figs. 10E and 10F). 
Although these beds are also burrowed by Thalassinoides, bioturbation is considered to be 
low as indicated by the preservation of the sedimentary structures (Fig. 10D). In addition 
to the mega-ripples, planar lamination, low-angle lamination (4o – 8o) and hummocky 
cross-stratification within the beds are also present. 
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Fig. 10. Peloidal/composite-grain grain-dominated packstone/grainstone facies 
(tempestites). (A) Tempestite bed interbedded with bioturbated muddy 
sediments displays hummocky cross-stratification [hammer = 26 cm]. (B) 
Proximal tempestites commonly have erosional bases [red lines] associated 
with rip-up clasts from the underlying units. Another feature to proximal 
tempestites is the amalgamation of multiple event beds, and may develop 
megarippled top surfaces [green line] [hammer = 30 cm]. (C) Distal 
tempestites are thinner than proximal equivalents and have sharp planar basal 
and upper surfaces [hammer = 30 cm]. (D) A low degree of bioturbation is a 
common feature of the event beds, although they are burrowed by 
Thalassinoides [Th]. The intensity of bioturbation is low given the 
preservation of bedding surfaces and internal lamination [black lines] [pen = 
14 cm]. (E) Horizontal burrows are the dominant trace fossils and observed 
on the top surface of the temepstites, such as Rhizocorallium [Rh] [lens cap = 
4 cm]. (F) Network of Planolites [Pl] burrows on top of a storm bed [pen = 
14 cm]. (G) Photomicrograph under plane-polarized light of a very well-
sorted peloidal [Pe] and foraminiferal (Redmondoides lugeoni [Rl]) 
grainstone showing a burrow cavity filled with micrite and sponge spicules 
[Ss]. (H) Proximal tempestites have moderately sorted fabric dominated by 
coarse size composite grains [CG], echinoderms [Ec], and foraminifera 
species Kurnubia palastiniensis [Kp] and Alveosepta jaccardi [Aj] 
[photomicrograph under plane-polarized light]. (I) The distal tempestites are 
characterized by finer grain size, in which peloids [Pe], echinoderms [Ec], 
quartz [Qz], and brachiopods [Br] are the dominant grains [photomicrograph 
under plane-polarized light]. 
 
By contrast, beds of the second style are very thinly to thinly bedded (2 – 8 cm) and 
have sharp planar basal and upper contacts (Fig. 10C). Their main sedimentary structures 
are planar or low-angle (~4o) lamination. In terms of composition, they are composed of 
moderately to well-sorted, very fine to fine peloids, echinoderm fragments, brachiopods 
and subangular to subrounded quartz grains. Quartz grains form 10 – 20% of the sediments 
and may compose 40% of the deposit. Nevertheless like the first style of sedimentation, 
beds of the second depositional style have horizontal burrows on their top surfaces as well 
as interbedding with the extensively bioturbated echinoderm-brachiopod wackestone/mud-
dominated packstone facies. 
The lower shoreface environment was the depositional setting for the 
peloidal/composite-grain facies of the Hanifa and Jubaila Formations. The features 
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supporting this interpretation include the style of bedding, type of bedding contacts, 
sedimentary structures, and ichnofabrics. Thicker beds with erosional bases represent 
proximal storm-event beds (tempestites) whereas thinner beds with sharp bases are distal 
tempestites. As Aigner (1985, 1982) illustrated, proximal tempestites have erosional bases, 
wave-rippled tops, and composed of coarse grains. In contrast, distal tempestites are 
relatively thinner and contain finer sediments. The hummocky cross-stratification (Dumas 
and Arnott, 2006), and Planolites and Rhizocorallium of the Cruziana ichnofacies (Knaust 
et al., 2012) are indicative of depositional settings between FWWB and SWB. The Jurassic 
tempestites of Kachchh of western India also show the same relationship between storm 
beds and the Cruziana ichnofacies (Fürsich, 1998). 
BIOTURBATED ECHINODERM-BRACHIOPOD WACKESTONE/MUD-DOMINATED 
PACKSTONE 
The bioturbated echinoid-brachiopod wackestone/mud-dominated packstone facies 
is encountered within basal Jubaila Formation in which extensive bioturbation (BI = 5 – 6; 
Taylor and Goldring, 1993) resulted in a complete destruction of bedding. The burrows 
reflect the Cruziana ichnofacies (Knaust et al., 2012), with traces of Thalassinoides, 
Planolites, Rhizocorallium, and Condrites are recognized in the outcrop (Fig. 11). 
Internally, the facies is composed of poorly sorted fragments of brachiopods and 
echinoderms, forming wackestone to mud-dominated packstone textures. Other 
constituents include mollusks, sparse sponge spicules, foraminifera, and subangular to 
subrounded fine-sized quartz grains. Detrital quartz grains, when present, form about 5 – 
10% of the facies.  
The faunal assemblage recognized in this facies suggests normal open-marine 
conditions. Deposition took place in a low-energy setting between FWWB and SWB on 
the basis of extensive bioturbation by the Cruziana ichnofacies (Fürsich, 1998; Knaust, 
1998; Knaust et al., 2012). This setting corresponds to the lower shoreface environment 
since deposition of this facies had been intermittently disrupted by storm event beds. 
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Fig. 11. Bioturbated echinoderm-brachiopod wackestone/mud-dominated packstone 
facies. (A) Extensive bioturbation resulted in complete obliteration of 
bedding [pencil = 15 cm]. (B) Rhizocorallium [Rh] burrow highlighted on an 
exposed surface [pen = 14 cm]. (C) Burrows also include Thalassinoides [Th] 
as shown by their casts beneath a thin tempestite [hammer = 30 cm]. (D) 
Photomicrograph under plane-polarized light showing a very poorly-sorted 
fabric with brachiopods [Br], echinoderms [Ec], foraminifera species 
Alveosepta jaccardi [Aj], and quartz [Qz] forming a wackestone units. 
 
BIOTURBATED SPICULITIC WACKESTONE/MUD-DOMINATED PACKSTONE 
Abundant sponge spicules are the dominant grain types of the bioturbated spiculitic 
facies that create wackestone to mud-dominated packstone where carbonate mud composes 
60 – 80% of the fabric. Besides the spicules, the facies consists of foraminifera, 
echinoderms, and sparse fragments of mollusks and brachiopods. The sponge spicules are 
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mainly monaxons and triaxons that sporadically have their central canal preserved, which 
suggests they are likely siliceous originally (Scholle and Ulmer-Scholle, 2003; Figs. 12C 
and 12D). In the outcrop, the facies is characterized by grayish white color and friable 
outcrop quality. This fabric is probably a product of differential compaction and high to 
intense bioturbation (BI = 4 – 5) by Planolites, which resulted in nodular bedding with 
irregular, wavy, and nonparallel bedding surfaces (Fig. 12A). In addition, the spiculitic 
facies is commonly associated with hardground and firmground surfaces and contains 
storm event beds sporadically throughout. 
 
 
Fig. 12. Bioturbated spiculitic wackestone/mud-dominated packstone facies. (A) The 
facies is characterized by crumbly appearance and nodular bedding produced 
by bioturbation [hammer = 30 cm]. (B) Hardground surface encrusted with 
oysters [Oy] [pen = 15 cm]. (C) Sponge spicules [Ss] in a micritic matrix. (D) 
Mud-dominated packstone with sponge spicules [Ss], echinoids [Ec], and the 
foraminifera species Redmondoides lugeoni [Rl]. (E) Photomicrograph of 
wackestone with sponge spicules [Ss], echinoids [Ec], and brachiopods [Br]. 
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The abundance of carbonate mud in the spiculitic facies indicates a low-energy 
depositional setting. Based on the faunal assemblage, particularly the sponge spicules 
(Hughes, 2004), bioturbation, and interbedding with tempestites, normal open-marine 
conditions between FWWB and SWWB is interpreted for this facies. In a shallowing-
upward succession of the Hanifa, the coral biostrome facies overlies the spiculitic facies, 
and therefore, the depositional environment of the spiculitic facies is interpreted to be the 
distal lower shoreface. This interpretation is consistent with that made by Kästner et al. 
(2008) where they reported a similar facies in a depositional setting between FWWB and 
SWWB. 
THINLY-BEDDED ARGILLACEOUS MUDSTONE/WACKESTONE 
The argillaceous mudstone/wackestone facies is exposed as recessive slopes that 
can be traced across the entire outcrop belt. The best exposures of this facies are on roadcuts 
where the characteristics of the deposits are well-defined (Fig. 13). The most striking 
character of this facies is the alternation of thin beds (5 cm thick) of spiculitic 
mudstone/wackestone and clay-rich beds. Spiculitic wackestones increase progressively 
thicken upward and become medium bedded (20 cm thick) at the expense of clay.  
The depositional setting for the argillaceous limestone is interpreted to be the 
offshore environment below SWB. The dominance of carbonate mud and argillaceous 
materials supports this interpretation. Furthermore, stressed environmental conditions, 
likely related to low oxygenation levels, inhibited burrowing organisms and diverse faunal 
assemblages that resulted in the preservation of discrete bedding surfaces. The same 
interpretation was also concluded by Carlucci et al. (2014) for their thinly bedded mudstone 
and shale facies. 
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Fig. 13. Thinly-bedded argillaceous mudstone/wackestone facies. (A) The argillaceous 
facies is commonly poorly exposed and forms recessive slopes. (B) A close-
up view of the argillaceous facies demonstrating the general poor exposure. 
(C) Roadcuts along the Tuwaiq Escarpment have fresh exposures that allow 
observing the depositional style of alternating recessive argillaceous 
mudstones and resistive wackestones. (D) Close-up view of roadcut section 
showing thinly-bedded alternation of argillaceous mudstones [yellowish 
brown] and wackestones [yellowish white]. (E) Photomicrograph showing a 
wackestone dominated by sponge spicules [Ss]. 
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SEQUENCE STRATIGRAPHIC FRAMEWORK OF THE HANIFA 
FORMATION 
The regional cross-section of the Hanifa Formation illustrates the temporal and 
spatial facies distribution along the Tuwaiq Escarpment (Fig. 14). Overall, the Hanifa 
framework depicts a ramp profile where timelines are gently dipping to the south. 
Following the same trend, a progressive thickening of the Hanifa Formation from 86 m at 
the Raghbah section in the north to 143.5 m at the Wadi Birk section in the south over a 
distance of 260 km is also apparent (Fig. 14). Moreover, the number of the preserved 
Hanifa depositional sequences was also affected by this trend. The Hanifa Formation could 
be divided into five composite sequences that are best represented in the southern part of 
the study area (Fig. 14). However, only four composite sequences can be interpreted from 
the sections in the northern end of the area. 
The first sequence (Seq1) is only observed in the south at the Hawtah and Wadi 
Birk sections (Abdullah Al-Mojel’s measured sections). It marks the initial transgression 
of the Hanifa Formation over the Tuwaiq Mountain Limestone, on which it onlaps. The 
dominant facies of the sequence are the argillaceous mudstone/wackestone and 
stromatoporoid-coral biostrome/bioherm facies. The transgression of the sequence, and the 
Hanifa Formation, is defined by the deposition of the thinly-bedded argillaceous 
mudstone/wackestone facies, which is thicker at the Wadi Birk section and thins northward 
towards the Hawtah section. Conversely, the stromatoporoid-coral facies thins southward 
towards the Wadi Birk section. The sequence boundary for Seq1 is picked on top of the 
stromatoporoid-coral facies based on sharp facies offset with the overlying argillaceous 
mudstone/wackestone facies that define the transgression of the next composite sequence. 
This transgression probably eroded the shallow-water facies of the first sequence. 
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Fig. 14. Cross-section showing the sequence stratigraphic framework of the Hanifa Formation datumed on the Hanifa-Jubaila 
contact. The formation is divided into five composite sequences in the south, whereas in the north, the fifth sequence 
is not present. The contact with the Jubaila Formation is defined by a sharp contact marking the onset of a storm-
dominated shelf associated with the Jubaila transgression.
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Fig. 15. (A) Individual composite sequences of the Hanifa Formation showing depositional 
variations spatially through time. The base of sequences 1 and 2 is the top of 
the Tuwaiq Mountain Limestone. Shallow-water, high-energy deposits of 
sequence 1 were most likely eroded with the transgression of sequence 2. (B) 
The Hanifa Formation corresponds to a single second-order sequence 
interpreted based on the relative lateral position of the stromatoporoid-coral 
biostrome/bioherm facies through six depositional sequences. Black arrows 
mark the farthest downdip position of the coral facies in a measured section. 
The argillaceous mudstone/wackestone facies are associated with 
transgression of each Hanifa composite sequence. At time 3, the coral facies 
continued to retrograde north of the study area, marking the maximum 
flooding surface of the Hanifa Formation. 
 
The second sequence (Seq2) extends over the entire study area where transgression 
is marked by laterally continuous argillaceous mudstone/wackestone facies at the base of 
Seq2, which thins to the north. At the top of the sequence, the spiculitic facies covers the 
area from Wadi Birk in the south, where they are much thinner, to Wadi Laban in the north. 
The lateral equivalent facies to the north is the stromatoporoid-coral facies. Its northerly 
position in this sequence, relative to that in Seq1, illustrates the back-stepping character, 
while stromatoporoid-coral buildups were trying to keep pace with the ongoing 
transgression (Figs. 14 and 15). Above the coral facies, the Seq2 sequence boundary is 
picked based on sharp facies offset with the spiculitic facies of the next sequence. To the 
south, the sequence boundary of Seq2 is inferred from the change in facies proportion 
where the ratio of argillaceous mudstone/wackestone facies to spiculitic facies increases. 
At the base of the third composite sequence (Seq3), the ratio of argillaceous 
mudstone/wackestone facies relative to spiculitic facies increases upward towards the 
maximum flooding surface of the sequence where it becomes prominent. The spiculitic 
facies dominates the highstand portion of the sequence, which displays an upward 
shallowing succession north of Wadi Dirab to a combination of oncolitic and foraminiferal 
facies. Similar to Seq1, the sequence boundary for Seq3 is interpreted based on sharp facies 
offset at the base of the transgressive argillaceous mudstone/wackestone of the fourth 
sequence (Seq4). 
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The highstand part of Seq4 shows the lateral facies juxtaposition of the Hanifa 
depositional profile (Figs. 14 and 15). The stromatoporoid-coral facies extends from Wadi 
Dirab to Hawtah where biostromal units at the sections of Wadi Dirab and Wadi Al-Ain 
occur. At the Hawtah section, bioherms occur that laterally pass downdip into the spiculitic 
facies at Wadi Birk. To the north, the stromatoporoid-coral facies is laterally equivalent to 
the oncolitic and foraminiferal facies updip. These lateral facies changes are gradual and 
occur over long distances. The only exception to this is the area near the Hozwa section 
where a rapid lateral facies change occurs (Figs. 14 and 16). At Hozwa the foraminiferal 
facies becomes laterally equivalent to the cross-bedded skeletal-peloidal grainstone facies 
(Fig. 16). This unusual rapid lateral facies change for the studied system is unique to the 
Hozwa area where the cross-bedded skeletal-peloidal grainstone facies occurs and is about 
12 – 15 m thick. Also in this area, the top of Seq4 is uniquely defined by a karst-modified 
unconformity surface (Fig. 17). The top of the cross-bedded peloidal grainstones exhibits 
an erosional relief of up to two meters. Solution pipes on the unconformity surface are also 
recognized (Fig. 17D). Laterally, the unconformity surface is equivalent to hardground 
surfaces at Sadous, Jabal Al-Abakkayn, and Wadi Dirab sections. Besides the 
unconformity, the Seq4 sequence boundary is also recognized by sharp facies offset with 
the argillaceous mudstone/wackestone facies of the fifth sequence (Seq5). 
The argillaceous mudstone/wackestone facies defines the transgression of Seq5 
along the outcrop belt, whereas transgression in the Hozwa area is marked by widespread 
nucleation of coral buildups on top of the cross-bedded peloidal grainstones (Fig. 17). 
These buildups are laterally equivalent to the thinly-bedded argillaceous 
mudstone/wackestone facies that pinches out against the buildups (Fig. 16). During the 
highstand of Seq5, the stromatoporoid-coral facies prograded southward to Wadi Birk. The 
coral facies at Wadi Birk and Wadi Al-Ain have biohermal geometries, whereas the coral 
facies at Wadi Dirab are biostromal. The filling of the area between Wadi Birk and Wadi 
Dirab by the oncolitic facies is also notable. To the north, the lateral equivalent to the coral 
and oncolite facies are the foraminiferal and tabular cross-bedded skeletal grainstone facies 
(Fig. 15A). Following the southward progradation trend, the tabular cross-bedded skeletal 
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grainstone facies is thickest at the Raghbah section and progressively thins towards Wadi 
Laban section before changing into the laterally equivalent facies downdip.  
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Fig. 16. Detailed stratigraphic framework of the Hanifa composite sequences 4 and 5 in the Hozwa area showing a rapid lateral 
facies change over a short distance between Jabal Al-Abakkayn and Hozwa. The unconformity surface is marked 
by karsting and is equivalent to a hardground surface at the Jabal Al-Abakkayn section. The argillaceous limestone 
pinches out against the coral buildups. 
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Fig. 17. (A) The top of the cross-bedded skeletal-peloidal grainstone facies in Hozwa 
shows an erosional relief [red line] that is overlain by coral buildups [circles 
= peloids; shell symbols = skeletal grains]. (B) The erosional relief is 
recognized with a reddened surface [black arrow] [staff intervals = 20 cm]. 
(C) Field image showing the erosional surface [red line] at a smaller scale 
[notebook = 21 cm]. (D) A solution pipe [black arrow] over the peloidal 
grainstones demonstrating karstification associated with the exposure 
[notebook = 21 cm]. (E) Photomicrograph under plane-polarized light 
showing leached composite grains [CG] and bivalve fragment [Bi] with an 
isopacheous cement [IC]. The effect of exposure is illustrated at the micro-
scale by extensive cementation and later dissolution, which resulted in the 
development of inter- and intraparticle porosities. 
 
The sequence boundary of Seq5, equivalent to the top of the Hanifa Formation, is 
defined by a prominent facies offset. This is recognized by the change from the skeletal, 
stromatoporoid-coral, and oncolitic facies of the Hanifa to the interbedded echinoderm-
brachiopod and tempestite facies of the basal Jubaila Formation (Figs. 14 and 18). At the 
Huraymila section in the north, the lateral equivalent to the tempestite and brachiopod 
wackestone/mud-dominated packstone facies are coral buildups that extend to the Raghbah 
section. Although the exposure at Raghbah ends at the top of the Hanifa, remnant fragments 
of corals are observed at the top suggesting the coral facies was laterally continuous from 
Huraymila section but was eroded with the current relief. Furthermore, the position of the 
coral buildups in the north relative to those in Seq5 indicates a retrogradational pattern 
associated with the Jubaila transgression. During this transgression, tempestites were 
frequent and widespread, indicating that the Arabian Shelf was a storm-dominated 
carbonate shelf (Fig. 18), which is a similar conclusion made by El-Asmar et al. (2015). 
Overall, the stratigraphic framework of the Hanifa Formation shows the five 
composite sequences are superimposed into one second-order sequence. This sequence 
could be divided into two intervals, transgressive and regressive, that can correspond to the 
division of Vaslet et al. (1983; Fig. 2). Based on their subdivision, Hawtah Member is 
equivalent to the lower three composite sequences of the Hanifa Formation and Ulayyah is 
equivalent to the upper two sequences. However, a better assignment of the two members 
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is to relate them to the depositional system tracts of the Hanifa (Fig. 14). In this case, the 
Hawtah Member represents the transgressive system tract (TST) of the Hanifa and is 
dominated by the deposits of the distal lower shoreface and offshore environments. 
Conversely, the Ulayyah Member is equivalent to the highstand system tract (HST) of the 
Hanifa where the entire suite of the Hanifa facies is present. The turnaround between the 
TST and HST is marked by the widespread deposition of the thinly-bedded argillaceous 
mudstone/wackestone facies and absence of the coral buildups. This surface corresponds 
to the maximum flooding surface of the Hanifa Formation that occurs within Seq3. The 
use of this surface to define the Hawtah and Ulayyah Members could potentially be used 
to define them in the subsurface. Based on the Hanifa facies spectrum observed in the 
Ulayyah Member, the spatial relationships between facies were deciphered and allowed 
the construction of the Hanifa depositional model. 
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Fig. 18. Correlation between Jabal Al-Abakkayn measured sections showing the transition from the upper shoreface facies, 
cross-bedded peloidal-skeletal grainstone, of the Hanifa Formation to a storm-dominated shelf during the Jubaila 
Formation deposition 
43 
 
DEPOSITIONAL MODEL OF THE HANIFA FORMATION 
The stratigraphic framework of the Hanifa Formation illustrates a two-dimensional 
facies distribution in time and space, thus allowing a depositional model to be constructed. 
The most complete representation of the depositional model comes from the HST of the 
Hanifa. Given the facies associations observed from the HST, a foreshore-shoreface-
offshore model in a ramp profile is proposed (Fig. 19). The model shows a high-energy 
shoreline during the Hanifa deposition, represented by the foreshore and upper shoreface 
deposits. These include the cross-bedded peloidal grainstones of Hozwa as a local offshore 
island. The location of the shoal is assumed to be controlled by a local topographic high on 
the basis of the rapid lateral facies change observed (Figs. 14 and 16). The shoal complex 
would probably have been oriented NE-SW, parallel to the prevailing wind direction (Fig. 
1), but the detailed three-dimensional mapping required to demonstrate this has yet to be 
done. In addition, if other shoal bodies existed in the same manner, they would not have 
formed energy barriers for the main shoreline further updip, which is marked by foreshore 
deposits. Foreshore deposits are not observed in the study area, but they are extrapolated 
to exist north of the study area based on the northward shallowing-upward trend observed. 
Downdip on the depositional model, the relationship between the stromatoporoid-
coral and oncolitic facies is demonstrated (Fig. 19). The coral bioherms were deposited in 
a moderately high-energy environment where they formed disconnected bodies parallel to 
depositional strike, whereas the coral biostromes were deposited in a low-energy 
environment but were more laterally continuous. Within the peripheral area of the corals, 
the oncoids formed mainly around the buildups and filling the lows between them. This 
relationship is supported by field observations such as the growth of isolated coral heads 
and presence of coral fragments within the oncolites (Fig. 8). 
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Fig. 19. Idealized depositional model for the Hanifa Formation (not to scale) showing the 
depositional setting as a gently sloping ramp that was episodically affected by 
storm events. 
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DISCUSSION 
STUDY FINDINGS FROM THE PERSPECTIVE OF PREVIOUS WORKS 
Accommodation during the time of the Hanifa deposition was greater in the 
southern part of the exposure belt, which is evident by the southward thickening of the 
Hanifa Formation. This trend was also noted by Enay et al. (1987). The greater 
accommodation resulted in the preservation of five composite sequences in the south 
compared to four composite sequences in the north. The additional sequence suggests that 
the initial Hanifa transgression over the exposure belt started from the south and onlapped 
over the top of the Tuwaiq Mountain Limestone. It also suggests the transgression was 
probably gradual and not widespread, which is also interpreted from the retrogradation of 
the coral buildups. Furthermore, the progradation trend during the Hanifa highstand was to 
the south as is evident by the coral buildups and upper shoreface deposits. From this, it 
could be concluded that the persistent accommodation in the south suggests a possible 
extension of the Arabian or Rub’ Al-Khali intrashelf basins to the south and southwest of 
the exposure belt. 
Le Nindre et al. (1990) indicated the Hanifa Formation composes five depositional 
sequences that correspond to the supercycle LZA-4 of Haq et al. (1988). Their 
interpretation was based on biostratigraphic and lithostratigraphic data, however, they did 
not illustrate how these sequences would be recognized in the outcrop. As a result, it is 
difficult to assess the correspondence between the results herein and their interpretation. In 
addition, Le Nindre et al.’s (1990) division of the Hanifa into five depositional sequences 
does not hold true everywhere at the exposure belt as illustrated in this study (Figs. 14 and 
20). This illustrates the importance of 2-dimensional, and if possible 3-dimensional, 
analysis on a large regional scale for establishing a stratigraphic framework in such a broad 
carbonate platform. A 1-dimensional analysis would not yield the same results, as there is 
not a single section representative of all Hanifa facies. This is related to lateral facies 
changes occurring gradually over long distances or to the orientation of the exposure belt 
being oblique to the depositional strike and dip. With such an orientation, it is hard to assess 
the dimensionality of the facies belts and how far apart are they from one another. 
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Fig. 20. (A) The Hanifa exposure at Raghbah showing the four Hanifa sequences in the 
northern part of the study area. The sequences are associated with resistive 
beds corresponding to the grainstone and bioherm facies that can be traced 
over relatively long distances. (B) The upper four sequences of the Hanifa 
Formation at Wadi Dirab are commonly associated with resistive beds 
corresponding to the grainstone, oncolite, and biostrome facies. 
 
Despite the localized unconformity surface at Hozwa, the pick for the Hanifa top at 
Seq5 is regionally consistent. It follows an overall shallowing-upward trend that is defined 
by the tabular cross-bedded peloidal grainstones in the north and by the oncolites and coral 
buildups in the south (Fig. 21). The defined Hanifa top is generally consistent with the 
interpretation of Manivit et al. (1985) and Vaslet et al. (1983). Nevertheless, the Hanifa top 
in the area of Wadi Dirab and Wadi Laban interpreted by Vaslet et al. (1991) is effectively 
placed within the tempestites of basal Jubaila Formation. Based on the Hanifa stratigraphic 
framework proposed here, the contact with the Jubaila Formation is strikingly sharp and 
denotes the shift into a storm-dominated shelf. Because of this observation, the top of the 
Hanifa at Wadi Dirab is placed on top of the coral biostromes (Fig. 21).  
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Fig. 21. (A) The top of the Hanifa Formation at Raghbah is marked by a prominent bench 
formed by the cross-bedded peloidal-skeletal grainstone facies [staff intervals 
= 20 cm]. (B) At Wadi Dirab, the top of the Hanifa is defined by a sharp 
surface between a coral biostrome below and storm event beds above 
[hammer = 30 cm]. (C and D) At Wadi Al-Ain, the contact with the Jubaila 
Formation is marked by either oncolitic rudstone (C) or coral buildups (D) of 
the Hanifa below and the tempestites of the Jubaila above [hammer = 30 cm; 
staff intervals = 20 cm]. 
 
Evidence for the paleoshoreline during the Hanifa time is indicated by the upper 
shoreface facies, the tabular cross-bedded quartz-peloidal-skeletal grainstone facies (Figs. 
5 and 22). The presence of angular to subangular quartz grains within this facies supports 
the proximity to the shoreline. Based on facies associations described here, the Hanifa 
Formation had a high-energy shoreline. Although Moshrif's (1984) depositional model for 
the Hanifa Formation represents a ramp depositional setting as this study shows, it indicates 
the presence of tidal flats based on gypsum precipitates, which suggests a low-energy 
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shoreline. However, very thin gypsum layers were observed sporadically in the outcrop as 
recent diagenetic residuals that do not occur in association with a particular facies. Hughes 
et al. (2008) proposed a rimmed-platform as a depositional model for the Hanifa Formation, 
which was based mostly on paleontological data with minimal sedimentological analysis. 
Their interpretation appears to be unrealistic given the facies associations observed and the 
paleogeographic location from the actual shelf margin (Fig. 1). Therefore, it is very crucial 
to conduct a detailed sedimentological study to help proposing a realistic depositional 
model. 
 
 
Fig. 22. The interpreted paleoshoreline (red dashed-line) during the HST of Hanifa is based 
on the presence of high-energy, shallow-water deposits in conduction with 
detrital quartz grains. 
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COMPARISON WITH SIMILAR JURASSIC SYSTEMS 
Given the maximum duration of the Hanifa deposition of 5.5 Ma (Hughes et al., 
2008), the accumulation rate for the Hanifa is 26 m/million year (my). This is such a slow 
rate in comparison with other Jurassic systems, but it is not unusual. Bosscher and Schlager 
(1993) calculated the accumulation rate for some Jurassic units in the literature to be in the 
range 18.2 – 166.7 m/my. According to their analysis, rates above 25 m/my over a period 
of 1 – 10 Ma are associated with relative sea-level rise driven rather by subsidence more 
than eustasy. Sharland et al. (2001) indicated the transgression event at the base of the 
Hanifa coincided with the development of intrashelf basins, as noted by Droste (1990). 
However, the flooding event seems to be eustatically controlled rather than controlled by 
subsidence. Le Nindre et al. (2003) illustrated a period of minimal subsidence during 
Hanifa time, which is also evident from other parts of the Arabian Plate. In Yemen, for 
instance, Shuqra Shale of Oxfordian – Kimmeridgian age was deposited as a result of 
continued transgression over the Central Ayad High. The shale, as mapped by Brannan et 
al. (1999), does not show thickening over the graben of the Central Ayad High, which 
indicates the bounding fault was not active during the shale deposition and supporting a 
minimal effect of subsidence. 
In the Swiss Jura carbonate platform, Jank et al. (2006) defined five third-order 
sequences for the Late Oxfordian – Late Kimmeridgian Reuchenette Formation. These 
sequences are superimposed into two second-order sequences compared to one sequence 
for the Hanifa Formation as recognized in this study. Jank et al.'s (2006) five depositional 
sequences were driven by eustatic fluctuations as they were correlatable to equivalent 
Boreal realm sequences. The similar trend was also observed by Colombié and Rameil 
(2007) where they illustrated, with supporting ammonite zonation data, the correlation of 
third-order depositional sequences between the Tethyan and Boreal realms. This supports 
the interpretation of global eustatic fluctuations controlling relative sea-level changes for 
the Hanifa depositional sequences. 
Similarly, Olivier et al. (2015) identified six stages for the development of the 
French Jura carbonate platform during Late Oxfordian – Early Kimmeridgian. These stages 
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correspond to seven depositional sequences where the sixth stage consists of two 
sequences. The unique characteristic of the last stage is that the platform evolved into a 
flat-topped shelf in response to a long-term transgressive event and change in climate. 
Based on Olivier et al. (2015) analysis, carbonate production was low due to high influx of 
terrigenous materials, which was attributed to a semi-arid climate with seasonal humidity. 
This climatic change could explain the sharp change into a storm-dominated shelf with the 
transgression of the Jubaila Formation (Figs. 14 and 18). It may also mark the change into 
an arid climate for the subsequent evaporite – carbonate sequences of the Arab Formation 
in the Late Kimmeridgian – Tithonian (Fig. 2). Furthermore, terrigenous input is evident 
by the presence of quartz grains within the storm beds and bioturbated brachiopod 
wackestone facies of basal Jubaila Formation (Figs. 10I and 11D). 
The climatic signal appears to be consistent along the Tethys during the 
Kimmeridgian. Shallow-marine carbonate platforms in Spain (Molina et al., 1997; Bádenas 
and Aurell, 2001; Colombié et al., 2014) and France (Seguret et al., 2001) were storm-
dominated shelves. The trend where quartz grains observed in the HST of the Hanifa 
Formation within the cross-bedded skeletal grainstone (Figs. 5D and 5E) and in the TST 
of the Jubaila Formation within the storm beds (Fig. 10I) was also noted by Bádenas and 
Aurell (2001). They demonstrated that quartz grains were more abundant within cross-
bedded oolitic grainstones during HST and more abundant within distal tempestites of TST. 
This further supports the interpretation of the paleoshoreline proximity to the cross-bedded 
skeletal grainstone during HST of the Hanifa Formation. 
IMPLICATIONS FOR HYDROCARBON EXPLORATION AND DEVELOPMENT 
The Hozwa peloidal grainstone shoal demonstrates a rapid lateral facies change 
over a short distance under certain conditions indicating an exception to the rule that 
generally rapid facies are not common in this depositional setting. The location of the shoal 
might suggest a preexisting topographic high that controlled their deposition. The 
unconformity surface that is only recognized at Hozwa supports the interpretation in which 
the topographic relief aided the development of the erosional and karst surfaces. 
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Furthermore, this antecedent relief is evident by the nucleation of coral buildups with Seq5 
transgression on top of the peloidal grainstones. This behavior of buildup growth in 
association with transgression and topographic highs has been documented by Friebe 
(1993) and Krause Jr. and Meyer (2004). If the topographic high at Hozwa was a persistent 
structure through time, there might be a potential for a hydrocarbon structural-trap for the 
Paleozoic petroleum system in Central Arabia. Furthermore, the Hozwa area is a significant 
site as it exposes Hanifa Reservoir facies, peloidal grainstone and coral bioherms (McGuire 
et al., 1993), which can be used as an analog for subsurface studies. The maximum flooding 
surface (MFS) of the Hanifa identified in this study corresponds to the MFS J50 of Sharland 
et al. (2001), which coincided with the deposition of organic-rich source rock in the 
intrashelf basins. Correlation with Sharland et al.'s (2001) MFS J50, indicates the 
argillaceous mudstone/wackestone facies is laterally equivalent to organic-rich source 
rocks. Therefore, the recognized basin to the south and southwest of the exposure belt is a 
potential area for unconventional plays, as has been suggested by Hughes et al. (2008). 
The Hanifa stratigraphic framework presented here demonstrates how possible 
reservoir facies are distributed in a depositional profile. The lateral and vertical facies 
relationships observed in the field can be used as analogs for constructing reservoir 
frameworks in the subsurface. Moreover, the Hanifa depositional model provides a 
predictive tool for exploration of new Hanifa targets. For instance, the stromatoporoid-
coral facies is a reservoir facies in Berri Field that is observed at the upper part of the 
Hanifa Formation (McGuire et al., 1993). Based on the stratigraphic framework, this facies 
exists in the lower part of the formation (Fig. 14), which receives less attention when 
exploring for a conventional hydrocarbon target within the Hanifa Formation. 
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CONCLUSIONS 
The sequence stratigraphic framework established in this study provides the first 
regional understanding of the Hanifa exposure along the Tuwaiq Escarpment in Central 
Arabia. The study demonstrates the spatial and temporal distribution of eight identified 
facies in the Hanifa Formation and presents the first evidence for the paleoshoreline during 
Hanifa time.  
On the basis of this study, the Hanifa Formation displays an overall thickening to 
the south of the Tuwaiq Escarpment. This indicates the possible extension of the Arabian 
or Rub’ Al-Khali intrashelf basins into the southern end of the exposure belt, which created 
greater accommodation in the south. This trend is represented by the differential 
development of depositional sequences across the 260 km distance of the study area. In the 
north, the Hanifa Formation is divided into four composite sequences, whereas in the south 
five composite sequences are identified given the greater accommodation that was 
available. The major criteria for recognizing these sequences were sharp facies offset, 
facies proportions, and exposure-related erosion. The erosional surface was only observed 
at Hozwa, where a skeletal-peloidal shoal complex developed. Its location was controlled 
by a topographic high at the time of deposition. Accordingly, the division of the Hanifa 
Formation into two members holds and corresponds to the two system tracts recognized. 
The lower member, Hawtah, represents the TST whereas Ulayyah corresponds to the HST. 
The maximum flooding surface of the Hanifa Formation lies within the third composite 
sequence (Seq3) and is characterized by an absence of coral buildups, and widespread 
deposition of thinly-bedded argillaceous mudstone/wackestone facies. Also, this surface 
marks the boundary between the two members. The development of these sequences was 
driven by eustatic fluctuations that can be correlated globally. 
The sequence stratigraphic framework of the Hanifa Formation indicates a 
foreshore-shoreface-offshore depositional model where it shows the high-energy character 
of the shoreline under normal open-marine conditions. During the HST of the Hanifa, the 
paleoshoreline was to the north of the study area. The upper shoreface deposits (tabular 
cross-bedded quartz-peloidal-skeletal grainstones) mark the proximity to the shoreline, 
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whereas the skeletal-peloidal shoal at Hozwa represents a localized shoreline. Foreshore 
deposits are assumed to exist north of the study area on the basis of the northward 
shallowing-upward trend. This shallowing-upward trend interrupted by a sharp facies 
offset related to the transgression of the overlying Jubaila Formation marks the contact 
between the Hanifa and Jubaila Formations. On the basis of facies association of basal 
Jubaila, the Arabian Platform was a storm-dominated shelf during the Early Kimmeridgian. 
This drastic shift was caused by a change into a semi-arid climate and potentially towards 
an arid climate for the evaporite – carbonate sequences of the Arab Formation. 
The vertical and lateral facies distribution provide outcrop analogs for the 
equivalent subsurface geology. Facies juxtaposition relationships can help in building 
reservoir models if similar facies existed in the subsurface. Furthermore, if the topographic 
high at Hozwa was a persistent structure through time, there might be a potential for a 
hydrocarbon structural-trap for the Paleozoic petroleum system. Also, the basinal area 
identified to the south and southwest of the study area might have a potential for 
unconventional plays. 
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APPENDIX 
The appendix is intended to provide the detailed description of each measured 
section of the Hanifa Formation along the Tuwaiq Escarpment, excluding those provided 
by Abdullah Al-Mojel. 
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